The induction of nanographitic phase on Fe coated diamond films for the enhancement in electron field emission properties by Kalpataru Panda
The induction of nanographitic phase on Fe coated diamond films for the enhancement
in electron field emission properties
Kalpataru Panda, B. Sundaravel, B. K. Panigrahi, H.-C. Chen, P.-C. Huang, W.-C. Shih, S.-C. Lo, L.-J. Lin, C.-Y.
Lee, and I.-N. Lin 
 
Citation: Journal of Applied Physics 113, 094305 (2013); doi: 10.1063/1.4792520 
View online: http://dx.doi.org/10.1063/1.4792520 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/113/9?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Direct observation and mechanism for enhanced field emission sites in platinum ion implanted/post-annealed
ultrananocrystalline diamond films 
Appl. Phys. Lett. 105, 163109 (2014); 10.1063/1.4898571 
 
Enhancing electrical conductivity and electron field emission properties of ultrananocrystalline diamond films by
copper ion implantation and annealing 
J. Appl. Phys. 115, 063701 (2014); 10.1063/1.4865325 
 
The 3D-tomography of the nano-clusters formed by Fe-coating and annealing of diamond films for enhancing
their surface electron field emitters 
AIP Advances 2, 032153 (2012); 10.1063/1.4748865 
 
Direct observation and mechanism of increased emission sites in Fe-coated microcrystalline diamond films 
J. Appl. Phys. 111, 124309 (2012); 10.1063/1.4729836 
 
The induction of a graphite-like phase on diamond films by a Fe-coating/post-annealing process to improve their
electron field emission properties 
J. Appl. Phys. 109, 084309 (2011); 10.1063/1.3569887 
 
 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
163.13.36.187 On: Mon, 27 Oct 2014 02:45:58
The induction of nanographitic phase on Fe coated diamond films
for the enhancement in electron field emission properties
Kalpataru Panda,1,a) B. Sundaravel,1 B. K. Panigrahi,1,b) H.-C. Chen,2,3 P.-C. Huang,4
W.-C. Shih,4 S.-C. Lo,5 L.-J. Lin,5 C.-Y. Lee,2 and I.-N. Lin3
1Materials Physics Division, Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India
2Department of Materials Science and Engineering, National Tsing-Hua University, Hsinchu 300, Taiwan
3Department of Physics, Tamkang University, New Taipei 251, Taiwan
4Graduate Institute in Electro-Optical Engineering, Tatung University, Taipei 104, Taiwan
5Materials and Chemical Research Labs, ITRI, Hsinchu, Taiwan 310, Taiwan
(Received 15 January 2013; accepted 4 February 2013; published online 7 March 2013)
A thin layer of iron coating and subsequent post-annealing (Fe-coating/post-annealing) is seen to
significantly enhance the electron field emission (EFE) properties of ultrananocrystalline diamond
(UNCD) films. The best EFE properties, with a turn on field (E0) of 1.98V/lm and current density
(Je) of 705 lA/cm
2 at 7.5V/lm, are obtained for the films, which were Fe-coated/post-annealed at
900 C in H2 atmosphere. The mechanism behind the enhanced EFE properties of Fe coated/post-
annealed UNCD films are explained by the microstructural analysis which shows formation of
nanographitic phase surrounding the Fe (or Fe3C) nanoparticles. The role of the nanographitic
phase in improving the emission sites of Fe coated/post-annealed UNCD films is clearly revealed
by the current imaging tunneling spectroscopy (CITS) images. The CITS images clearly show
significant increase in emission sites in Fe-coated/post-annealed UNCD films than the as-deposited
one. Enhanced emission sites are mostly seen around the boundaries of the Fe (or Fe3C)
nanoparticles which were formed due to the Fe-coating/post-annealing processes. Moreover, the
Fe-coating/post-annealing processes enhance the EFE properties of UNCD films more than that on
the microcrystalline diamond films. The authentic factor, resulting in such a phenomenon, is
attributed to the unique granular structure of the UNCD films. The nano-sized and uniformly
distributed grains of UNCD films, resulted in markedly smaller and densely populated Fe-clusters,
which, in turn, induced more finer and higher populated nano-graphite clusters. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4792520]
I. INTRODUCTION
Microcrystalline diamond (MCD) films have many
interesting physical and chemical properties1–3 and are the
focus of intensive research since the successful synthesis of
diamond in the low pressure and low temperature chemical
vapour deposition (CVD) process.4 Negative electron affinity
(NEA) properties of diamond films make it a suitable candi-
date for their application as electron field emitters.5
Generally, a good electron field emitter requires sufficient
supply of electrons from the back contact materials, effective
transport of electrons through the material and efficient emis-
sion from the surface. The electron field emission (EFE)
properties of large electronic band gap (5.5 eV) diamond
films hinder the EFE process tremendously due to the lack of
free electrons required for the emission processes. Recently,
the newly developed diamond films with ultrananocrystalline
diamond (UNCD) grain microstructure has drawn lot of
attention6–8 due to the fact that these materials possess physi-
cal and chemical properties, some of which are even superior
to those of MCD films. The UNCD films contain large pro-
portion of grain boundaries with considerable thickness.7,8
The grain boundaries contain amorphous carbon phases,
which are more conductive than at the grain boundaries of
MCD films and thus resulted in markedly better EFE proper-
ties. However, the EFE properties of UNCD films are still
not sufficiently good as compared with those of nano-carbon
materials.9–11 There are many approaches to modify the sur-
face of diamond films to enhance their EFE properties.
Among the various approaches, a thin layer of metallic coat-
ing (Au, Cr, Ni, Fe) improves the EFE properties of micro-
crystalline diamond films significantly.12–16 Previous study
shows improved EFE properties of MCD films by Fe coating
and subsequent annealing processes.14,16 It is expected that
the same Fe-to-diamond interaction may also occur for the
UNCD films. However, it is not clear whether the difference
in granular structure between the MCD and UNCD films will
impose different Fe-to-diamond interactions and resulted in
different effects on the EFE properties of UNCD films.
In this context, we investigate in detail, the interaction
of Fe-clusters with the UNCD films and its effect on the EFE
properties. Transmission electron microscopy (TEM) is used
to investigate the microstructural evolution of these films
due to the Fe-coating and annealing processes, whereas scan-
ning tunnelling spectroscopy (STS) in current imaging tun-
nelling spectroscopy (CITS) mode is used to directly
examine the modification in emission sites in these UNCD
films. The behavior of Fe-to-diamond interaction occurred
on UNCD films is compared with those on MCD films and
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the possible mechanism that resulted in different enhance-
ments in EFE of the two kind of diamond films is discussed
on the basis of STS and TEM observations.
II. EXPERIMENTAL METHODS
Ultrananocrystalline diamond films were grown on
p-type silicon substrates in a microwave plasma enhanced
chemical vapour deposition (IPLAS-Cyrannus) system. The
Si substrates were first thoroughly cleaned by the standard
RCA cleaning procedure,17 which includes the rinsing of the
Si substrates in a water-diluted hydrogen peroxide/ammo-
nium hydroxide and hydrogen peroxide/hydrochloric acid
solution sequentially. Then the cleaned Si substrates were
ultrasonicated in a solution containing nanodiamond and tita-
nium powders (<32.5 nm) for 45min to facilitate the nuclea-
tion of nanodiamond. The UNCD films were grown on the
cleaned Si substrates in a CH4/H2/Ar¼ 4/12/184 sccm
plasma excited by 1200W (2.45GHz) microwave power
with 200 mbar pressure for 1 h. A thin layer of Fe (around
10 nm) was coated on the UNCD films by DC sputtering pro-
cess for 1min. The Fe coated UNCD films were annealed in
H2 atmosphere, with a flow rate of 100 sccm for 5min with
heating and cooling rate of around 15 C/min. In the previous
studies for MCD films,14,16 it is known that the Fe-to-dia-
mond interaction mainly occurred at 900 C. Therefore, in
the present study, we did the Fe coating and annealing proc-
esses for the UNCD films at the same high temperatures of
900 C to study the effect of Fe-coating/post-annealing proc-
esses on the evolution of microstructure of diamond films on
the reaction mechanism and its subsequent effect on EFE
properties. The as-deposited and Fe-coated/post-annealed
UNCD films at 900 C are designated as (UNCD)0 and (Fe/
UNCD)900, respectively.
A homebuilt tunable parallel plate capacitor setup was
used to measure the EFE properties of these films. The EFE
properties of the Fe coated/annealed films were analyzed
using Fowler–Nordheim (F-N) model.18 The surface mor-
phology of the films was investigated by field emission scan-
ning electron microscope (FESEM, CARL ZEISS, SUPRA
55). A high resolution diffractometer (GIXRD-STOE) at an
angle of incidence of 0.2 was used to detect the new phase
formed by the Fe coating and annealing processes. The
Raman spectra were recorded using 514.5 nm line of an Ar-
ion laser, by Renishaw micro-Raman spectrometer (Model-
INVIA). Chemical bonding structures were investigated by
XPS using SPECS made photoelectron spectrometer.
A commercial ultrahigh vacuum scanning tunneling mi-
croscopy (UHV-STM, 150 Aarhus, SPECS GmbH) was used
to measure the local electronic properties of the films at a
base pressure of 1010 mbar. The STS spectra were obtained
during scanning and the data presented here are reproducible
over subsequent scans. CITS mode was used to correlate the
STM image with its surface local density of states (DOS)
distribution, which gives local conductivity mapping of the
sample surface. CITS acquires a current versus voltage (I-V)
curve, measured with the feedback loop off, in every point of
the surface.6 The detailed microstructure of the Fe coated/
annealed UNCD films was examined using high resolution
TEM (HRTEM, JEOL 2100). The elemental distributions of
the species in these films were examined using the high angle
annular dark field (HAADF) technique and the 3D-
tomography in scanning TEM (STEM) mode. The 3D-
tomography is the sequential replay of the HAADF images
taken with the samples tilted step wisely (2) using a soft-
ware DIGITAL-MICROGRAPH (JEOL).19
III. RESULTS
A. General characteristics
The FESEM images of the (UNCD)0 and (Fe/UNCD)900
films are shown in Fig. 1, indicating that the surface mor-
phology of the UNCD films was modified significantly due
to the 900 C Fe coating/annealing processes. Notably, no
change on the morphology was observed for annealing at
850 C or lower temperature (not shown). While both the
(UNCD)0 and (Fe/UNCD)900 films contain fine-grain granu-
lar structure, the latter have 5–10 nm particles (showing
bright contrast) lying on the surface of UNCD films (Fig.
1(b)). These small nanoparticles could be the Fe or Fe3C
nanoparticles formed by the reaction of Fe with diamond
when annealed at high temperature14–16 as discussed later.
The occurrence of the new phase like Fe3C is also evident
from the GIXRD pattern of the (Fe/UNCD)900 film, shown
in Fig. 2. This shows three strongest peaks at 43.99, 55.99,
and 75.48, which correspond to the diamond (111), Fe3C
(212), and Fe3C (322) phases, respectively.
20,21 It should be
noted that although the granular structure of the as-deposited
UNCD films is markedly different from those of the MCD
films,15 the nature of Fe-to-diamond interaction seems to be
similar.
EFE properties of (UNCD)0 and (Fe/UNCD)900 films are
shown in Figure 3 with the inset indicating the corresponding
F-N plots. From the current density vs. electric field (J-E)
curves, it is evident that the EFE properties of (UNCD)0 films
are significantly enhanced by the Fe-coating/annealing proc-
esses (Fig. 3(ii) for (UNCD)0 and Fig. 3(iv) for (Fe/
UNCD)900). The turn-on field (E0) decreased from 4.95V/lm
for (UNCD)0 films to 1.98V/lm for (Fe/UNCD)900 films. A
current density (Je) of 705lA/cm
2 at an electric field of
7.5V/lm is measured for (Fe/UNCD)900 films, whereas the Je
value for (UNCD)0 films is only 9lA/cm
2 at 7.5V/lm. The
EFE properties of (Fe/UNCD)900 films is comparable to those
of as-prepared carbon nanotubes (CNTs).21–23 To facilitate
the comparison, the EFE properties of the as-grown and Fe-
FIG. 1. FESEM image of (a) (UNCD)0 and (b) (Fe/UNCD)900 UNCD films.
Presence of Fe nanoparticles is clearly seen as white contrast on the surface
of UNCD films in (b).
094305-2 Panda et al. J. Appl. Phys. 113, 094305 (2013)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
163.13.36.187 On: Mon, 27 Oct 2014 02:45:58
coated/annealed MCD films15 are also plotted in Fig. 3. This
figure indicates that the EFE properties of the (Fe/UNCD)900
films are better than Fe-coated/annealed MCD films that may
be due to the unique microstructure of UNCD films. The EFE
properties of the samples are summarized in Table I.
The changes in bonding structures of the UNCD films
due to the Fe-coating/annealing processes were revealed by
Raman and XPS measurements. The Raman spectra of
(UNCD)0 and (Fe/UNCD)900 films are shown in Figure 4.
Contrary to the phenomenon that the Raman spectra of MCD
films were predominated with sharp D-band at 1332 cm1,
the characteristic C2g Raman resonance of diamond crys-
tals,14–16 the Raman spectra of (UNCD)0 films contain broad
peak positions at 1143, 1333, 1364, 1481, and 1549 cm1,
which are marked as 1, D*, D, 3, and G, respectively
(curve I, Fig. 4). The broadness of the Raman resonance
peaks is due to the smallness in grain size of the films.24 The
D-band (1333 cm1) resonance peak corresponding to C2g
Raman resonance of diamond crystals is very small. The t1
and t2 bands represent the trans-polyacetylene phase located
at grain boundaries, whereas the D* and G are the character-
istics of graphitic phases.25 The Fe-coating/annealing proc-
esses insignificantly alter the Raman spectra of the UNCD
films (curve II, Fig. 4).
Figures 5(a) and 5(b) show the XPS C1s spectra of
(UNCD)0 and (Fe/UNCD)900 films, respectively. XPS meas-
urements were done without Arþ ion sputtering to avoid
reconfiguration of the surface bonding structures. The back-
ground was subtracted using Shirley’s method.26 The data
were fitted with Lorentzian peaks with binding energies at
284.4, 285, and 286.1 eV corresponding to sp2, sp3, and C-
O(C-O-C) bonding of the C1s spectra,6 respectively. Table II
depicts the relative intensities of each element from the C1s
spectra. The XPS C1s spectra shows the sp2 phase fraction
was only 18.5% in (UNCD)0 films and significantly
increased to 71.6% after the Fe-coating/annealing process in
(Fe/UNCD)900 films. The sp
3 phase fraction is 68.6% in
(UNCD)0 films and decreased to 23.6% in (Fe/UNCD)900
films. A little amount of CO/C–O–C peaks were seen in as-
deposited and post-annealed Fe/UNCD films at binding
energy of 286.1 eV, which disappeared as soon as the surface
was Arþ ion sputtered for 1min in XPS chamber. The CO/
C–O–C peaks may be due to the presence of oxide layers on
the Fe-coated UNCD films.
Fe2p XPS spectra of (Fe/UNCD)900 films are shown in
Figure 6. Fe 2p3/2 and 2p1/2 spectra are shown by strip
FIG. 2. GIXRD pattern of (Fe/UNCD)900 films showing the presence of
Fe3C phase on the surface.
FIG. 3. EFE properties of (ii) (UNCD)0 and (iv) (Fe/UNCD)900 films. Inset
shows the F-N plots derived from the corresponding J-E curves. The EFE
properties of as-prepared and 900 C Fe-coated/annealed MCD, (Fe/
UNCD)900 films, were included as curves (i) and (ii), respectively, to facili-
tate the comparison.
TABLE I. The EFE properties of the as-deposited and Fe-coated/annealed
MCD/ UNCD films.
Samples
Turn-on field
(E0 in V/lm)
Current density at 7.5V/lm
(Je in lA/cm
2)
As prepared UNCD film 4.95 9
(Fe/UNCD)900 1.98 705
As prepared MCD filma 5.12 <1.0
(Fe/MCD)900
a 3.42 170
aThe EFE parameters of the as-prepared MCD films and (Fe/MCD)900 were
deduced from Ref. 15.
FIG. 4. Raman spectra of (i) (UNCD)0 and (ii) (Fe/UNCD)900 films.
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marked area. The data were fitted with Lorentzian peaks
with binding energies at 707.1, 708.2, and 711.1 eV, corre-
sponding to the Fe0, Fe3C, and Fe2O3 phases of the Fe 2p3/2
peak, respectively.27,28 The relative peak intensities obtained
from the Fe 2p3/2 spectra are also summarized in Table II. As
shown in Fig. 6 and Table II, the peak intensities of Fe0 and
Fe3C phases are 49.6% and 39.2% for (Fe/UNCD)900 films.
The presence of Fe2O3 phase (11.2%) is in accord with the
occurrence of CO/C–O–C peaks in XPS C1s spectra. One
possible reason for the presence of Fe2O3 phase on the Fe
coated UNCD films is the oxidation of Fe-particles, which
occurred instantaneously when the Fe-coated films were
taken from the sputtering chamber to the annealing setup. It
should be noted that the concentration of sp2, Fe (Fe3C)
phases are more in (Fe/UNCD)900 films than (Fe/MCD)900
films15 that is presumed to be the factors responsible for bet-
ter EFE properties for (Fe/UNCD)900 films than (Fe/
MCD)900 films.
14–16 How the increased sp2 and Fe (Fe3C)
phase contents significantly affect the EFE properties for the
(Fe/UNCD)900 films than (Fe/MCD)900 films are discussed
shortly.
B. Transmission electron microscopy
It should be noted that the XPS spectra represent mostly
the surface characteristics of the films that is not necessary
the same as the phases contained in the films. The under-
standing of the microstructural evolution induced by the Fe-
coating/annealing processes is actually more important. For
such purpose, the microstructure of the (Fe/UNCD)900 films
were examined using TEM. Figure 7(a) shows the typical
bright field (BF) image for the (Fe/UNCD)900 films acquired
in STEM. Inset in Fig. 7(a) shows the selected area electron
diffraction (SAED) pattern of the same region acquired in
TEM mode. The diffraction spots are arranged in a smooth
ring, implying that this region mainly contains randomly ori-
ented ultra-small diamond grains.
By changing the camera length (CL) in the STEM, the
electrons incoherently (but elastically) scattered by different
species can be resolved, provided that the correlation
between the scattering angle and the atomic number of the
species inducing the incoherently scattering process was
known. For the (Fe/UNCD)900 films shown in Fig. 7(a), only
iron and carbon (diamond, graphite, or amorphous carbon)
species were involved. The contribution of the two species
can be clearly resolved by changing the CL in acquiring the
HAADF signals. Figure 7(b) illustrates a typical composed-
HAADF image, which is superposition of three HAADF
images acquired using different CL-values, CL1¼ 400mm
(yellow color), CL2¼ 127.3mm (blue color), and
CL3¼ 93mm (red color). The energy-dispersive X-ray spec-
troscopy (EDX) patterns (in STEM mode) corresponding to
the yellow, pink, and red regions designated as 1 to 6 in Fig.
7(b) are plotted as profiles 1 to 6 in Fig. 8, respectively.
These EDX patterns clearly indicate that the profiles 1 and 2
corresponding to locations 1 and 2 contain mostly the car-
bon, revealing that the yellow-colored regions are diamond
FIG. 5. The XPS C1s spectra of (a) (UNCD)0 and (b) (Fe/UNCD)900 films.
The enhanced sp2 phase is clearly seen from (Fe/UNCD)900 spectra.
TABLE II. The C1s and Fe 2p XPS peaks of (UNCD)0 and (Fe/UNCD)900
films.
Peak position (eV) Chemical bonding
Peak intensity (%)
(UNCD)0 (Fe/UNCD)900
284.4 sp2 18.5 71.6
285.0 sp3 68.6 23.6
286.1 C-O (or C-O-C) 12.9 4.8
707.1 Fe0 … 49.6
708.2 Fe3C … 39.2
711.1 Fe2O3 … 11.2
FIG. 6. Fe2p XPS spectra of (Fe/UNCD)900 film.
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(or graphite), whereas the EDX profiles 5 and 6 correspond-
ing to locations 5 and 6 contains large Fe-signals, indicating
that the red-colored region, which corresponds to smallest
CL-value (CL3¼ 93mm), is mainly Fe-clusters. The EDX
profiles 3 and 4 corresponding to locations 3 and 4 contains
both Fe and C signals, implying this blue-colored region
might be the compound of Fe and C, most probably, the
Fe3C-clusters. The small Cu, Au, and Si signals are presum-
ably the contaminations from the underlying substrates and
the Cu-mesh induced in the ion-milling process.
The more important microstructural information, such
as the geometry and distribution of these phases, is needed to
understand the authentic factor that enhanced the EFE
behavior for the Fe-coated/annealed UNCD films. For this
purpose, the HAADF technique for identifying the distribu-
tion of species in (Fe/UNCD)900 films is investigated by uti-
lizing the 3D-tomography in TEM. The 3D-tomography is a
series of HAADF images taken with the samples tilted step
wisely (2 per step) and then replayed sequentially using
DIGITAL-MICROGRAPH (JEOL)19 software. Figure 9(a) shows the
stereographic projection of the 3D tomography for the (Fe/
UNCD)900 film, whereas Fig. 9(b) shows the X-Y projection
of this image. These micrographs illustrate more clearly that
the Fe (red color), Fe3C (white color), and nanocarbon clus-
ters (nanodiamond or nanographite, yellow color) are of
spherical geometry and are located on the surface of the
UNCD films. The Fe, Fe3C, and nanocarbon clusters, about
tens of nanometers in size, are mixed together, implying
that, while some of the Fe-clusters interacted with diamond,
forming Fe3C, some of them remained intact. These figures
show that the nano-graphitic phase actually formed in adja-
cent to the Fe3C (or Fe) clusters. These observations support
the arguments that the graphitic phase was induced by Fe-to-
diamond interaction, forming a continuous network. The
presence of the interconnected conducting network facili-
tated the electron transport and enhanced the EFE properties.
It should be noted that although the Fe-coating also
formed nano-sized clusters prior the interaction with the dia-
mond in MCD films, the distribution of Fe3C and Fe clusters
formed on the faceted MCD grains15 is distinctly different
from those observed in Fig. 9 on the UNCD films. For MCD
films, the faceted diamond grains are large. The Fe clusters
cover the whole flat surface of the grains and interact with
the diamond simultaneously, resulting in a layer of Fe-
clusters on top of the Fe3C layer.
15 In contrast, in the UNCD
films, the equi-axed grains are extremely small, about 5 nm
in size.29 The Fe-clusters, about the same size as UNCD
grains, were formed on top of each grain (cf. Fig. 1(b)). The
size of Fe-clusters formed on UNCD films is markedly
smaller as compared with that formed on MCD films.15 The
diffusion length for carbon is markedly smaller that more
efficiently induced the formation of nano-sized graphite clus-
ters, surrounding each Fe-clusters. The Fe, Fe3C, and nano-
graphite clusters formed in (Fe/UNCD)900 films that were
mixed up rather than forming a Fe-layer on top of Fe3C layer
as in (Fe/MCD)900 films. The nano-graphite clusters in (Fe/
UNCD)900 films are not only smaller in size but also more
densely populated. The number density of nano-graphitic
clusters is about the same order of magnitude as the number
of nano-sized diamond grains in UNCD films. The finer and
FIG. 7. The (a) STEM BF and (b) HAADF images corresponding to BF
image for (Fe/UNCD)900 film.
FIG. 8. The EDX (STEM) profiles for (Fe/UNCD)900 film. The spectra 1 to
6 correspond to the locations 1 to 6 designated in Fig. 7(b).
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more densely populated nanographite clusters formed in
UNCD films is the authentic factor that resulted in superior
EFE properties for the UNCD films comparing to those for
MCD films.
C. Scanning tunneling spectroscopy
To reveal how the change in microstructure and concen-
trations of sp2, sp3, Fe (or Fe3C) phases significantly affect
the EFE properties in a microscopic scale, the local elec-
tronic properties of these films were investigated by STS.
STS measurements of (UNCD)0 and (Fe/UNCD)900 films are
illustrated to reveal the modification in surface electronic
properties due to the Fe-coating/annealing processes. Figure
10(a) shows the image of an as-deposited UNCD film. It
seems that the small diamond grains in as-deposited UNCD
films merged with each other and forms a bunch, marked as
point “1” in Fig. 10(a). Bright and dark contrasts are seen in
the corresponding CITS image taken at the sample bias of
1.8V (Fig. 10(b)). Bright contrast in the CITS image
shows better electron emission.6 The emission sites are seen
around the boundaries of the bunch of diamond grains as
seen from the CITS image shown in Fig. 10(b). The
(UNCD)0 films show few bright spots indicating less emis-
sion sites on the surface.6 In contrast, the STM surface mor-
phology of (Fe/UNCD)900 film with its corresponding CITS
image, are shown in Figs. 10(c) and 10(d), respectively.
Small nano-particles, which are presumed to be the Fe (or
Fe3C) clusters, covering the whole UNCD surface, are seen
from the STM image in Fig. 10(c). The CITS image, taken at
the same sample bias (Fig. 10(d)), shows significant increase
in emission sites than (UNCD)0 films shown in Fig. 10(b). A
typical bunch of diamond grain with grain boundary is
marked as "3" and "4," respectively, in Figs. 10(c) and 10(d).
Interestingly, the emission sites are seen throughout the dia-
mond grains in (Fe/UNCD)900 film rather than only from the
boundaries, as in case of (UNCD)0 films, shown in Fig.
10(b).
To reveal the actual emission sites in (Fe/UNCD)900
films, the CITS images from the region 3 in Fig. 10(c) were
more detailed examined. The HRSTM image and its corre-
sponding CITS image are shown in Figs. 11(a) and 11(b),
respectively. Nanoparticles of various sizes (5-10 nm) are
seen in (Fe/UNCD)900 film surface as shown in Fig. 11(a).
They could be the Fe (or Fe3C) nanoparticles as observed
during TEM studies. Notably, the size of Fe (or Fe3C) nano-
particles is similar with those for the nano-sized diamond
grains in UNCD films that are in accord with the SEM and
TEM observations. Interestingly, significant increase in
emission sites are observed in (Fe/UNCD)900 films as more
bright spots are seen around the Fe (or Fe3C) nanoparticles
shown in Fig. 11(b). Moreover, not only the emission site
FIG. 10. (a) UHV STM image of (UNCD)0 films with the corresponding
CITS image in (b). (c) (Fe/UNCD)900 film with corresponding CITS image
in (d). Enhanced emission sites of (Fe/UNCD)900 film is clearly seen in
CITS image (d) than (UNCD)0 in (b).
FIG. 9. (a) The stereographic projection and (b) X-Y projection of the TEM
3D-tomography of (Fe/UNCD)900 film.
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density increases but also the width of the bright spots
increases as shown by green arrow marks in Fig. 11(b). This
fact is also consistent with the TEM results, which show the
formation of nano-graphitic phases along the boundaries of
Fe (Fe3C) nanoparticles. These nanographitic phase at boun-
daries help in easy transport of electrons around the Fe (or
Fe3C) nanoparticles and thus makes interconnected path
throughout the sample surfaces due to their high densities as
seen in CITS image in Fig. 10(d).
To get more insight into the local electronic properties
of as-deposited and Fe coated/annealed films, the local
current-voltage (I-V) curves are taken in STS mode from
various sample positions and are shown in Fig. 12(a). Only
the negative portion of the I-V curves are shown in Fig.
12(a), since the negatively biased current represents the tun-
neling of electrons from the diamond surface to the tungsten
tip and is proportional to the density of occupied states of di-
amond. Two reproducible I-V spectra were recorded during
the scanning of the (Fe/UNCD)900 film. The reproducible I-
V spectra (10 each) are shown by open symbols and the aver-
age of these curves are plotted as solid symbols. The I-V
spectra taken from nanoparticles (marked as “5” in Fig.
11(a)) show a current value of 30 nA at 1.6V as shown in
curves “i” in Fig. 12(a). These nano-sized particles could be
the Fe3C particles, as seen in TEM observation.
Conductivity at the boundaries of the Fe (Fe3C) nano-
particles (marked as “6” in Fig. 11(a)) show ohmic behavior
(curves “ii” in Fig. 12(a)). These boundaries could be the
nanographitic phase surrounding the Fe (Fe3C) nanopar-
ticles, also evidenced from TEM study. Significant conduc-
tivity has been measured (30 nA at 0.6V) from these
positions. It is to be noted here that for diamond grains in
(UNCD)0 films (e.g., “1” in Fig. 10(a)), it requires higher
bias of 2.9V to get a value of 30 nA tunneling current (not
shown). The enhanced tunneling current from the boundaries
of Fe, Fe3C nanoparticles in Fe coated/annealed UNCD films
also explains the superior EFE properties of (Fe/UNCD)900
than the (UNCD)0 films in a microscopic scale.
Figure 12(b) shows the normalized conductance
dI=dV
I=V
versus sample bias (V) curves, which are calculated from the
I-V characteristic curves and provides information about the
distribution of the surface DOS30,31 of the film. The normal-
ized conductance spectra corresponding to the curves “i” and
“ii” in Fig. 12(a) are shown in Fig. 12(b). Band gap
calculations on the nanoparticle (marked as “5” in Fig. 11(a))
show very small band gap (0.16 eV, curve “i,” Fig. 12(b)).
The normalized conductance curve “ii” in Fig. 12(b), shows
nearly zero band gap (metallic type) for the boundaries,
which are marked as point “6” in the HRSTM image (cf. Fig.
12(a)). These are, presumably, the nanographitic phases sur-
rounding the Fe or Fe3C nanoparticles which are also evi-
denced from TEM study. Restated, the nanographitic phase
present at the boundary of these Fe (or Fe3C) nanoparticles
FIG. 11. (a) High resolution STM image and (b) the
corresponding CITS image for (Fe/UNCD)900 film.
FIG. 12. (a) The I-V characteristic curves (thick curve represents the aver-
age over the 10 I-V curves at each mentioned point) and (b) normalized dif-
ferential conductance (dI/dV)/(I/V) curves at various locations: on (i) the
nanoparticles marked as “5” in Fig. 11(a) and (ii) boundaries of nano-
particles, marked as “6” in Fig. 11(a) of (Fe/UNCD)900 films.
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seems to be the main conducting channel for the electrons in
(Fe/UNCD)900 films.
In ultrananocrystalline diamond films, the electrons are
transported along the grain boundaries of the nano-sized dia-
mond grains and are emitted from these sites.32,33 However,
in as-deposited UNCD films, most of the grain boundaries
contain the trans-polyacetylene or amorphous carbon phase,
which are not very conductive for efficient transporting the
electrons. Interestingly, in (Fe/UNCD)900 films, nanogra-
phitic phases are formed around the Fe (or Fe3C) nanopar-
ticles, which are formed by the reaction of Fe with diamond
when the Fe coated UNCD films are annealed at 900 C. The
formation mechanism of nanographitic phase on the Fe
coated UNCD film is similar to that in Fe-coated MCD
films.15 Presumable, the Fe-clusters catalytically dissociated
the diamond at temperature of 900 C, transported the carbon
species through the Fe-clusters, and reprecipitated them out
at the other side of the Fe-clusters, resulting in nanographite
on the surface of these Fe clusters. The Fe3C nano-clusters
were resulted, when the Fe nanoparticles containing some
dissolved carbons are quickly cooled below the re-
precipitation temperature.
More importantly, the concentration of the Fe (or Fe3C)
nanoparticles is more when the Fe coated UNCD films are
annealed at 900 C in H2 atmosphere, as compared with
those in Fe-coated MCD films.15 The presence of nanogra-
phitic phase around the Fe (or Fe3C) nanoparticles in (Fe/
UNCD)900 samples is presumed to serve as an electron trans-
port medium as well as electron emission sites. Furthermore,
the (Fe/UNCD)900 films show markedly superior EFE prop-
erties, i.e., smaller turn-on field (E0) and larger EFE current
density (Je), comparing to those for (Fe/MCD)900 films.
15
The TEM and STM studies indicate that markedly larger
emission site density for the (Fe/UNCD)900 films is resulted
from the higher number density of nano-graphite (Fe and
Fe3C) clusters formed on the (Fe/UNCD)900 films. The
authentic factor resulting in more favorable nano-graphite
(Fe and Fe3C) clusters distribution is apparently owing to the
unique nano-sized granular structure, viz. ultra-small grain
size and uniform grain size distribution, comparing to the
faceted grain microstructure for MCD films, as discussed
previously.
IV. CONCLUSIONS
A thin layer of Fe-coating and post-annealing at high
temperature of 900 C is seen to modify the surface charac-
teristics and significantly enhance the EFE properties of
UNCD films. The increased number densities of emission
sites in (Fe/UNCD)900 films than the as-deposited one are
clearly observed from the CITS images. Microstructural
analysis indicates that the mechanism behind the enhanced
EFE properties is the formation of nanographitic phase at the
boundaries of the Fe (or Fe3C) nanoparticles, which are
formed via the reaction of Fe clusters with UNCD films dur-
ing the annealing process. These nanographitic phases are
presumed to serve as an electron transport medium as well
as electron emission sites. Furthermore, the improved
emission properties arising due to the nanographitic phase in
(Fe/UNCD)900 films are also directly confirmed from the
high resolution CITS images. XPS measurements reveal the
concentration of Fe (or Fe3C) phases and sp
2 phase fractions
are more in 900 C Fe-coated/post-annealed UNCD films
that facilitate the EFE properties. The Fe-coating/annealing
processes enhanced the EFE properties of UNCD films more
than that on the MCD films. The authentic factor, resulting
in such a phenomenon, is attributed to the unique granular
structure of the UNCD films. The nano-sized and uniformly
distributed grains of UNCD films resulted in markedly
smaller and densely populated Fe-clusters, which, in turn,
induced more finer and higher populated nano-graphite clus-
ters. The Fe-coated/post-annealed UNCD films with better
EFE properties open up a new path way for the development
of next generation high-definition flat panel displays.
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